The number and spacing of B-cell epitopes on antigens have a profound impact on the activation of B cells and elicitation of antibody responses, the quantitative aspects of which may be utilized for rational design of vaccines. Ni-chelating liposomes have been widely used as protein carriers in experimental studies of vaccine delivery, owing to the convenience and versatility of this conjugation chemistry. However, the epitope number per particle as well as the stability of protein conjugation on liposomes remain far less characterized. Here we have developed quantitative methods to measure the average spatial density of proteins on liposomes using both ensemble and single-molecule techniques and demonstrated their utility using liposomes conjugated with native proteins of two different sizes. These studies revealed that the initial density of protein conjugation on Ni-chelating liposomes can be finely controlled, but the density can decrease over time upon dilution due to the noncovalent nature of Ni-chelation chemistry. These results indicate that an alternative method other than the Ni-chelation chemistry is needed for stable conjugation of epitopes onto liposomes and also suggest a general strategy that can be used to precisely regulate the epitope density on liposomes for B-cell antigen delivery.
■ INTRODUCTION
Vaccination is a concept that can be broadly applied to the prevention and treatment of human diseases, including but not limited to infectious diseases, cancer, and neurodegenerative diseases. Currently, there are more than 90 vaccine products that are licensed for immunization and distribution in the US. The mechanisms of protection in the majority of these licensed vaccines are correlated with antibodies. 1 As a result, how to optimally activate antigen-specific B cells for the production of memory B cells is likely to be the key to the success of these vaccines.
There are extensive and well controlled studies in the literature that document the impact of epitope density on B-cell responses. Quantitative differences in epitope density can easily produce quantitative or qualitative differences in antibody responses in mouse models of immunization. 2−5 Indeed, the variation of the spatial density of a protein on a particulate antigen, e.g., vaccine candidate, has a direct impact on the antibody response in animals. 6, 7 These studies revealed that the spatial density of epitopes on particulate antigens is a critical feature that one needs to consider for the delivery of B-cell based vaccines. However, application of this fundamental principle to vaccine delivery remains a challenge for two reasons: (i) a robust antigen-delivery system is yet to be developed that allows the delivery of antigens, especially protein antigens with well-defined spatial densities, and (ii) the techniques that are necessary to precisely quantitate the spatial density of epitopes on particulate antigens continue to lag behind.
Varieties of nanomaterials have been developed over the past decade for experimental delivery of various immunogens. 8, 9 A simple yet versatile approach is the protein-conjugated liposomes. Liposomes are well documented drug delivery systems with a safe record of clinical applications. 10, 11 Liposome and liposome-derived nanovesicles have become important platforms for carrying antigens and immunestimulatory molecules for vaccine development. 12 A variety of different parameters including the lipid composition, size, charge, and antigen conjugation can be manipulated for various applications. 13 At least two lipid-related vaccine products have been approved, Inflexal V 14 and Epaxal, 15 targeting influenza and hepatitis A, respectively; and more liposome-based vaccines are at different stages of clinical trials.
A potential advantage of liposomes for vaccine delivery is that a purified protein can be attached to the particle surface through chemical conjugation, during which the density of the protein averaged over a single particle may be controlled. This strategy, if it works, may allow a fine control over the spatial density of epitopes per particle to optimize the B-cell antibody response. For anchoring epitopes of interest on the surface of liposomes, a variety of conjugation methods have been developed. 16 Among them, Ni-NTA-his-tag conjugation has been a widely accepted choice due to the convenience of its operation. Chelator-lipids were first synthesized and characterized for immobilization of engineered proteins at a selfassembled lipid interface in 1994. 17 Since then, many groups have used liposomes containing metal-ion-chelating lipid to attach a histidine-tagged protein of interest, which led to an elevated level of immune response compared to traditional forms of antigen. 18−21 However, the spatial density of the proteins attached on these liposomes was often not reported in these studies.
In this paper, we explore the feasibility to finely control the surface density of epitopes attached to unilamellar liposomes, and develop quantitative methods to characterize the spatial density of epitopes averaged over a single particle. It is worth noting that proteins attached onto the outer surface of liposomes, either covalently or noncovalently, may still be capable of two-dimensional diffusion on the liposome surface, which may allow for the formation of protein clusters with high local spatial density. Whether this phenomenon may occur during B-cell recognition of the particulate antigens is a subject of future research. Specifically, herein, the term "spatial density" is referred to as the spatial density of proteins that is averaged over a single particle. Our results revealed that the initial density of proteins conjugated on liposomes via Ni-chelation chemistry can be finely controlled, but the density decreases over time upon dilution. These results thus indicate that Nichelation chemistry is not stable for conjugation of B-cell epitopes onto liposomes and also suggest a strategy to regulate the average spatial density of proteins on liposomes for optimization of antibody responses.
■ RESULTS
Characterization of the Spatial Density of rPG on Liposomal Surface. To facilitate the quantitation of the spatial density of proteins conjugated onto liposomes, we have chosen to use a fluorescent labeled B1 domain of the streptococcal protein G, herein referred to as rPG, for attachment onto liposomes via the Ni-NTA coordination chemistry. The single and site-specific labeling of Alexa-594 fluorophore on this protein allows us to quantitate the spatial density of protein attached on liposomes using both ensemble and single-molecule fluorescence approaches. We prepared liposomes by the lipid thin film hydration method, followed by membrane extrusion. 22−24 For conjugation of proteins onto the liposome surface, a minor percentage of Ni-NTA-DGS lipid was doped into DMPC during liposome preparation. Extrusion through the polycarbonate membrane of 100 nm pore size allowed liposome formation with a relatively uniform size. As shown in Table S1 , these synthesized Ni-chelating liposomes had an average diameter of 97 ± 1 nm (mean ± standard error) with a mean polydispersity index of 0.04 ± 0.02 (mean ± standard error). The average diameter of these liposomes does not change significantly with the increase in the molar percentage of Ni-NTA-DGS lipids in the range of 0−20% that we have investigated.
To quantitate the spatial density of rPG on liposomes, we started out by focusing on liposomes that carried 1% of Ni-NTA-DGS. After liposome synthesis, a designated amount of rPG was incubated with liposomes for 1 h at 37°C, followed by purification through gel filtration. This experiment was then repeated using the same amount of liposomes (0.44 μmol DMPC) but with increasing concentrations of rPG. As shown in Table S2 , these liposomes after rPG association had a measurable increase in their diameters compared to that of the liposome alone before rPG binding, consistent with protein binding on the surface of the liposomes. To determine the average number of rPG molecules per liposome, we first used a fluorescence plate reader to measure the fluorescence intensity from the purified liposome samples. Comparison with a standard curve that was constructed using free rPG protein at various concentrations in PBS buffer under the same instrument conditions ( Figure S1 ) allowed us to estimate the concentration of rPG in liposome samples. Control experiments showed that incubation of liposomes with rPG did not cause any change in the fluorescence signal for Alexa-594, suggesting that the quantum yield of Alexa-594 was not significantly perturbed by rPG attachment onto liposomes. Based on the molarity of liposomes calculated using eq 1, we can thus calculate the average number of rPG molecules per liposome. This result is shown in Figure 1a . As the quantity of rPG increased from 2.5 to 80 μg, the average number of rPG per liposome also increased gradually and showed a trend to reaching a plateau, resembling a typical binding isotherm. It is worth noting that at 80 μg rPG, the molar ratio between Ni and rPG is 1:1.6, suggesting that the trend of the approaching plateau is a result of saturation of all the available Ni-NTA binding sites on liposomes, instead of surface crowding, i.e., saturation as a result of the crowding of proteins on liposome surface.
To provide further proof for this point, we have thus compared liposomes containing 1%, 3%, and 5% Ni-NTA-DGS (all in molar percentage) for their protein surface densities, as shown in Figure 1b . These liposomes were prepared by incubating the same moles of liposomes (0.44 μmol DMPC for liposomes with 1% Ni-NTA-DGS) with 30 μg rPG, followed by gel filtration. The average number of rPG molecules per liposome increased in a linear fashion with the percentage of Ni-NTA-DGS in the liposomes, as indicated by the solid line from a linear regression analysis. The average number of rPG per liposome observed from liposomes containing 5% Ni-NTA is 3-fold higher than the plateau in Figure 1a , which clearly demonstrates that the trend of saturation observed in Figure 1a is not due to surface crowding. Rather, it is due to the limited number of Ni-NTA sites per liposome. These results also suggest that one potential strategy to regulate the spatial densities of proteins on these liposome surface is to adjust the percentage of Ni-NTA-DGS lipids incorporated into liposomes.
The above approach to estimate the average number of proteins on liposomes is an ensemble-based measurement, where we assume each liposome has an average number of lipid molecules, based on which to calculate liposome molarity and thus the number of rPG molecules per liposome. Moreover, for
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Article the above approach to work, the fluorescence intensity of Alexa-594 fluorophore should not change significantly upon conjugation onto liposomes through protein G, i.e., rPG free in solution and rPG conjugated on the surface of a liposome should have similar fluorescence intensity; otherwise, any change in fluorophore quantum yield has to be taken into account when doing estimations using this approach, which is not trivial. To provide an alternative and yet direct measurement for the spatial densities of rPG on individual liposomes, we have resorted to single-molecule fluorescence approach.
As shown in Figure 2a , we deposited purified rPG-conjugated liposomes on poly(L-lysine) coated coverslips, and use epifluorescence imaging to directly visualize individual liposomes through excitation of the Alexa-594 fluorophore by a 592 nm laser. Individual liposomes showed up in a dark background as bright spots. These liposomes were prepared by incubating 2.5 μg rPG with liposomes containing 1% Ni-NTA-DGS (0.44 μmol DMPC), followed by gel filtration. Neither liposome samples alone nor free rPG alone at the same concentrations yielded these bright spots under the microscope. Moreover, no fluorescent spots were visible when rPG was incubated with liposomes without Ni-NTA-DGS, suggesting that these fluorescent spots were liposomes conjugated with rPG through Ni-NTA but not protein aggregates. In order to determine the number of rPG molecules per liposome, we selected to work at a laser power of 100 mW. This illumination condition allowed us to collect the initial fluorescence intensity from individual spots, and the constant illumination of the sample under this condition also allowed us to observe the photobleaching of individual fluorophores with time. As shown in Figure 2b , these photobleaching events display a hallmark feature of "steps", where the fluorescence persists for a finite time followed by a sudden decrease in fluorescence intensity. These steps correspond to the photobleaching of individual molecules. We have used a step-detection algorithm that we developed previously 25 to identify steps from these real-time fluorescence traces. Measurement of this "step" size yields the fluorescence intensity of a single Alexa-594 fluorophore, which can be used as an internal reference to convert the initial fluorescence intensity of individual liposomes to the number of Alexa-594 fluorophores, as we have done recently for individual HIV-1 virions using the same quantitation methodology. 26 As shown in Figure 2c , the histogram of the individual photobleaching step sizes for Alexa-594 molecules (N = 163) could be well described by the sum of two Gaussians (black curve), one centered at 649 ± 136 analog-to-digital units (a.u., mean ± standard deviation) and the other centered at 1164 ± 235 a.u. Under a statistical significance level of 5%, Pearson's Chi-square test 27 selected the double-Gaussian distribution (P-value = 0.84) and rejected the single-Gaussian distribution (P-value = 0.02) as the model to describe the data. The difference in peak values is close to 2-fold. As we have observed previously, the secondary peak may result from the photobleaching of two Alexa-594 molecules that occurred almost simultaneously, which could not be resolved by either the finite camera exposure time or the step-finding algorithm. 28, 29 The fluorescence intensity of a single Alexa-594 fluorophore can then be used to calculate the total number of Alexa-594 molecules per liposome based on a ratio comparison 30, 31 with the initial fluorescence intensity of Alexa-594 associated with individual liposomes. Figure 2d shows the distribution for the number of rPG molecules per liposome gathered from this analysis. It is very clear that the individual liposomes are heterogeneous in the number of rPG molecules per liposome, ranging from a value below 20 to a value above 100. Under a typical statistical significance level of 5%, Pearson's Chi-square test 27 selected a single-Gaussian distribution (P-value = 0.2249, shown in black curve) and strongly rejected Poisson distribution (P-value <0.0001) as the model to describe the data. The arithmetic mean value is 53, which is very close to the value of 57 ± 3 rPG molecules per liposome estimated using the ensemble approach as described above ( Figure 1a) . Therefore, the results from the single-molecule fluorescence measurements further support the use of the ensemble approach to estimate the average spatial density of proteins under our current experimental conditions.
Characterization of the Average Spatial Density of mTFP on Liposomal Surface. The B1 domain of the streptococcal protein G is a very small protein: even after the site-specific labeling of the Alexa-594 fluorophore, the molecular weight is still less than 9 kD. To test if the above results for protein G may also be relevant to larger protein antigens, we have overexpressed and purified a green fluorescent protein variant, mTFP, 32 which carries a hexahistidine tag for attachment onto liposomes through Ni-NTA coordination chemistry. This protein adopts a "β-can" 32 structure that is typical of green fluorescent proteins and the hexahistidine-tagged version of the protein has a molecular weight of 28 kDa.
We prepared liposomes containing varied percentages of Ni-NTA-DGS, and incubated the purified mTFP proteins with Bioconjugate Chemistry Article various liposomes followed by gel filtration to remove free proteins. To develop an approach that is more applicable to generic protein antigens, we also decided to use the silver staining method instead of fluorescence to quantitate the amount of proteins present in the purified liposome samples. This method entails a standard curve based on band intensities quantitated from a silver-stained polyacrylamide gel using the proteins of interest at various quantities. The linear dependence between the band intensity and the quantity of mTFP protein ( Figure S2 ) allows us to estimate the amount of mTFP proteins present in the purified liposome samples, by running the purified liposome sample on the same gel.
As shown in Figure 3a , the average number of mTFP molecules per liposome determined in this way shows a linear dependence on the percentage of Ni-NTA-DGS contained in the liposomes, consistent with the trend observed for rPG on liposomes (Figure 1b) . With 20% Ni-NTA-DGS, on average, over 600 molecules of mTFP can be conjugated per liposome. It is worth noting that for 20% Ni-NTA-DGS in a liposome of 100 nm diameter, theoretically there are more than 17 000 Ni-NTA groups per liposome available for binding with hexahistidine-tagged proteins. Therefore, 600 molecules may not have reached the limit that one can conjugate on individual liposomes. To obtain more insight on the capacity of individual liposomes for conjugation of mTFP, we have thus decided to carry out the following experiment: we prepared liposomes containing 20% Ni-NTA-DGS lipids, and then incubated these liposomes with increasing quantities of mTFP proteins. After gel filtration to remove excess free proteins, we carried out three separate measurements on these purified liposomes: (i) run polyacrylamide gel to quantitate the amount of mTFP proteins based on silver staining ( Figure S2) ; and (ii) using Stewart assay to determine phospholipid content and thus derive the moles of liposome based on the average diameter measured from dynamic light scattering; and (iii) using inductively coupled plasma optical emission spectrometry (ICP-OES) to directly measure Ni content for each purified liposome sample in order to verify the amount of Ni-NTA-DGS.
As shown in Figure 3b , the amount of mTFP conjugated on liposomes increased with increasing quantities of mTFP initially incubated with liposomes (filled circles), showing a trend of reaching a plateau. Meanwhile, the percentage of Ni-NTA-DGS that we experimentally measured for these purified samples using ICP-OES (open circles) yielded an excellent agreement with theoretical expectations, with a mean and standard 
Article deviation of 20.3 ± 0.7% among these samples. It is worth noting that under these conditions, even for the highest quantities of mTFP we tried, the amount of Ni-NTA was still in excess, with a molar ratio of 3:1 between Ni-NTA-DGS and the mTFP protein. This result thus indicates that there were more Ni-NTA binding sites on liposomes than the amount of free mTFP available, and this trend of plateau is unlikely to be a result of limiting the Ni-NTA-DGS quantity in liposomes. More likely, it is due to the crowding of mTFP molecules on the liposomal surface. The radius of gyration for a globular protein of 28 kDa is close to 2 nm. 33 For a liposome of 100 nm diameter, the upper limit on the number of mTFP molecules per liposome is thus estimated to be 2500 with the assumption that the entire surface of the liposome can be fully occupied by arrays of mTFP molecules without significant vacancies in between. This estimation thus supports our interpretation on the mechanism behind the trend of plateau observed in Figure  3b (filled circles).
To summarize, the above results with rPG and mTFP revealed two limiting conditions of protein conjugation on Ni-NTA liposomes: (i) when the percentage of Ni-NTA-DGS lipids is low, the average number of proteins conjugated per liposome will be limited by the percentage of Ni-NTA-DGS lipids, which we showed using a small protein rPG; (ii) when the percentage of Ni-NTA-DGS is high, the average number of proteins conjugated per liposome can also be limited by the crowding of proteins on liposomal surface, which we showed using mTFP. Overall, these results indicate that the epitope density on these liposomes can be quantitatively adjusted and controlled.
Stability of the Ni-NTA Noncovalent Conjugation Chemistry. Although the use of Ni-NTA coordination chemistry is of great convenience considering the varieties of recombinant proteins that can be purified using hexahistidine technology, the noncovalent nature of this coordination chemistry may give rise to undesired drawbacks. The binding affinity between hexahistidine-tagged proteins and Ni-NTAmodified surface has been reported to be 0.1−1 μM. 34, 35 In particular, Groves and co-workers have shown that there is a great degree of heterogeneity in the Ni-NTA coordination complex formed between the hexahistidine tag and the nickel ions, which depends on the initial binding conditions and results in different off rates observed for proteins attached to supported lipid bilayer through this noncovalent chemistry and a changing protein density with time. 36 To examine the stability of proteins conjugated onto liposome surface through this noncovalent chemistry, we have thus measured the dissociation of proteins from liposomes by direct observation using fluorescence microscopy. This experiment was done by using the rPG-conjugated liposomes, the same preparation of liposomes that we used in Figure 2 for quantitation of the number of rPG molecules per liposome using the single-molecule fluorescence approach. The starting sample has 53 rPG molecules per liposome on average ( Figure  2c ). To monitor the kinetics of dissociation, the liposome sample was diluted 1000-fold into PBS buffer on Day 0. The diluted sample was stored in the dark in a polypropylene test tube for a designated time at 22°C and then aliquots were taken out for measurement of the protein density using the single-molecule fluorescence approach as illustrated above, and also the size using dynamic light scattering. Although the size of liposomes does not change over a two-week period ( Figure S3 ), as shown in Figure 4 , the average number of rPG molecules per liposome dropped with increasing days after the initial dilution (black circles). The average number of rPG per liposome decreased from 53 ± 4 (Mean ± standard error) on Day 0 to 27 ± 3 after a week, and 13 ± 1 after 2 weeks. In contrast, the liposome sample without dilution still had similar numbers of rPG molecules per liposome bound after 2 weeks (data not shown). To assay the stability of the liposomes in more physiologically relevant media, we also conducted the same experiments with every condition identical but in 100% fetal bovine serum (ThermoFisher CAT#10082), and used the same epi-fluorescence imaging approach to quantitate the number of fluorophores per liposome as a function of time. As shown in Figure 4 , the average number of rPG molecules per liposome dropped with increasing days after the initial dilution (open squares). The average number of rPG per liposome decreased from 46 ± 3 (Mean ± standard error) on Day 0 to 14 ± 2 after a week, and 7 ± 1 after 2 weeks. Compared to PBS, this trend suggest that proteins conjugated on liposomes may undergo even faster dissociation upon entering biological milieu, and this instability of protein conjugation is an issue intrinsic to the Ni-NTA chelation chemistry. Qualitatively, this dissociation of proteins from liposomes upon dilution in serum is also consistent with Platt et al., who demonstrated that proteins bound on liposomes via Ni-chelation chemistry will dissociate rapidly in the presence of serum. 37 
■ DISCUSSION
In this study, we have tested the feasibility to adjust the average number of protein molecules conjugated on liposomal surface and established quantitative methods to measure the average spatial density of proteins on the surface of liposomes after conjugation. Our method of ensemble estimation is supported by direct single-molecule measurement of protein densities on individual liposomes (Figure 2) . Proximity of fluorophores is less of an issue for our current quantitation using fluorescence, because even for the highest spatial density we have in this case, 500 rPG per liposome (Figure 1b) , the average distance between rPG molecules is estimated to be 8 nm, which is still large enough to prohibit quenching through energy transfer or complex formation. Based on our studies, when the percentage of Ni-NTA-DGS is low, the spatial density of a protein that one can attach onto the liposome surface is limited by the percentage of Ni-NTA-DGS under saturating protein conditions (Figure 1a) . On the other hand, as the percentage of Ni-NTA-DGS increases, the spatial density of proteins will be eventually limited by the surface crowding effect (Figure 3b) , i.e., the available liposomal surface will be fully occupied by the attached proteins. These results thus suggest that the spatial density of proteins on liposomes may be quantitatively controlled.
The results from rPG conjugation on the liposome surface suggest a potential strategy for regulating the spatial density of epitopes on liposomes as particulate antigens, which is an important parameter for B cell antibody response and vaccination. 1 This strategy entails the following important steps: (i) purification of target proteins containing specific tags or active groups for chemical conjugation; (ii) liposome synthesis using a mixture of lipids, in which a small percentage of lipids carry specific and reactive head groups; (iii) after liposome synthesis, use excess protein for conjugation to the outer surface of the liposome via the specific conjugation chemistry; (iv) gel filtration to purify protein-conjugated liposomes away from excess proteins. Compared to other alternative procedures, this strategy has the following advantages: (i) conjugation of protein post-liposome synthesis helps to keep proteins in their native states, and avoid their exposure to organic solvents used for liposome synthesis; (ii) because of excess proteins used for conjugation, variation of the percentage of the specific lipid head-groups will thus allow the regulation of protein density. Systematic enumeration of the specific lipid percentage may allow formation of liposomes with surface epitopes at discrete densities, which would be very important tools for antibody-based vaccine development.
For the above strategy, there are currently at least two different methods available for epitope conjugation onto the outer surface of liposomes: Ni-chelation chemistry and Michael addition of a thiol group to a maleimide. As we showed for Ni-NTA coordination chemistry, this conjugation method is amenable to the fine control of epitope densities on the surface. However, due to its noncovalent nature, the spatial density of proteins is not stable but decreases upon dilution (Figure 4 ). This is not desired for the long-term storage of this formulation nor in vivo vaccination, because the timedependent change of epitope density will confound the interpretation of the immunogenicity data based on liposome particles that use this noncovalent chemistry. Thus, the alternative approach such as maleimide−thiol reaction to conjugate epitopes onto the liposome surface is worth pursuing in the future, and the covalent chemistry may yield a spatial density that is stable over time. Moreover, from the perspective of future applications, the maleimide−thiol conjugation is less likely to be a regulatory concern because several FDA approved drug products contain maleimide−thiol conjugates. 38−40 Also, this chemistry has been widely used in the conjugation of drugs to macromolecules. There is wide interest in the pharmaceutical and biotech industry to further optimize the chemistry of this conjugation to improve drug products. 41, 42 We thus expect synergistic efforts toward the use of this conjugation chemistry. In contrast, substantial studies in the literature have documented the adverse biological effects of nickel ions in vivo, which include tissue inflammation that is correlated with their distributions, 43 allergy, 44 toxicity, and carcinogenicity. 45−47 Moreover, the hexahistidine tags might also be immunogenic in vivo, which may elicit antibodies targeting histidine repeats and thus represent an off-target effect, whose safety profile remains to be demonstrated. As a result, Ni-chelating liposomes may encounter significant safety challenges toward a final clinical product. Based on the stability comparison for the protein conjugation (Figure 4) , and the safety issues that we have outlined above, it is likely that the Michael addition of thiol to maleimide is a superior strategy than Ni-NTA coordination chemistry to conjugate epitopes onto liposomes for elicitation of antibody responses. Future experiments should explore maleimide−thiol reaction chemistry to conjugate epitopes at regulated spatial density on liposome surface, and test these liposomal particles in animals for optimal B-cell antibody response.
Finally, as we mentioned in the Introduction, our current quantitation of protein density is an average over a single particle. These proteins attached onto liposome surface may still undergo two-dimensional diffusion, which may allow formation of protein clusters and a high local surface density. Whether this may occur as a result of B cell recognition remains to be investigated in the future. Preparation of Ni-Chelating Liposomes. All liposomes used in this study were prepared using oil-in-water microemulsion precursor followed by membrane extrusion as originally described in the literature. 22−24 Two different lipids at designated molar ratios were used in the synthesis of liposomes: DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) and Ni-NTA-DGS (1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] (nickel salt)) (Avanti Lipids) following previous literature. 20, 21 Briefly, various amount of Ni-NTA-DGS lipid was added into 5 mg DMPC in a round-bottom bottle to reach the indicated molar percentage for the Ni-NTA-DGS lipids. The lipid mixture in chloroform was then vacuum desiccated to allow thin film formation at the bottom of the bottle. 1 mL PBS buffer was then added to the bottle to hydrate the lipid film through gentle rocking at 37°C overnight. The next morning, the content was retrieved and extruded through polycarbonate membrane of 1000 and 100 nm sequentially, ten times each. The resulting liposomes were then stored at 4°C for all experiments.
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Purification of Hexahistidine-Tagged Proteins. We have used two recombinant proteins of different sizes in this study: the B1 domain of streptococcal protein G and the monomeric teal fluorescent protein (mTFP). 32 The B1 domain of protein G has a molecular weight of 7.7 kDa while the mTFP has a molecular weight of 28 kDa, which provides a reasonable size difference for testing conjugation onto liposomes. Both proteins carry a hexahistidine tag at the C-terminus of the respective proteins for attachment onto liposomes through Ni-NTA coordination chemistry. Both proteins were house expressed in E. coli BL21(DE3) pLysS strain and purified to greater than 95% purity using nickel-nitrilotriacetic acid (Ni-NTA) agarose technology, as judged by intensity comparisons on an acrylamide gel loaded with different amounts of final purified proteins. The native B1 domain of protein G does not carry any cysteine residues. 48 To site-specifically label a single Alexa-594 fluorophore onto the protein for single-molecule studies, we have engineered a single cysteine at position 2, after the N-terminal methionine. We have developed a protocol to label the single cysteine on the B1 domain with high efficiency. Briefly, the purified B1 domain was treated with 5-fold molar excess of TCEP at 4°C for 18 h. The excess TCEP was removed by passing the protein through a desalting column. The Alexa-594 maleimide (ThermoFisher) freshly dissolved in water was then added to the protein at a 10-fold molar excess. The cross-linking reaction was incubated at 20°C for 8 h. The reaction was stopped by adding 2-mercaptoethanol to a final concentration of 20 mM. After additional 30 min incubation at 20°C, the labeled protein was extensively dialyzed at 4°C using a 3 kD molecular weight cutoff membrane against the storage buffer containing 50 mM HEPES, 150 mM NaCl, pH 7.0, at 22°C in order to remove excess dye molecules. The concentration of the labeled protein was measured by absorbance at 280 nm (corrected for dye absorbance at this wavelength) using an extinction coefficient of 9530 M −1 cm
, and the concentration of the conjugated Alexa-594 was quantified simultaneously by absorbance at 590 nm with an extinction coefficient of 9.00 × 10 4 M −1 cm −1 . The efficiency of dye labeling was thus calculated to be 96%. The status of single fluorophore labeling was also confirmed by positive ion electrospray mass spectrometry. This fluorescently labeled B1 domain of the streptococcal protein G is referred to as rPG throughout this manuscript.
Attachment of Proteins to Liposomes and Size Exclusion Chromatography. For attachment of purified proteins onto the liposome surface, the purified proteins were incubated with synthesized liposomes at 37°C for 1 h at the indicated molar ratio between the proteins and the Ni-NTA group, which is sufficient to reach equilibrium as indicated by a comparison with the result from an overnight incubation at the same temperature. The mixture at 400 μL volume was then directly applied to the top of a 10 mL Sepharose CL-4B (GE Life Sciences) gel filtration column that was already equilibrated in PBS in order to remove excess free proteins not bound to liposomes. The column was run by gravity at 4°C and again PBS was used as the elution buffer. Twenty fractions were collected after the sample application and each fraction contained 0.5 mL eluate. To identify fractions containing liposomes, dynamic light scattering measurement was conducted for samples from each fraction and the fractions with most of the liposomes were pooled and further stored at 4°C. For each coupling of proteins to liposomes reported in this work, the coupling efficiencies of proteins were calculated as the ratio between the amount of proteins on liposomes after the size-exclusion column and the initial input protein and reported as percentages in Table S3 . The yield of lipid recovery was also calculated as the ratio between the amount of lipids present in liposomes after the size-exclusion column and the initial input lipids and reported as percentages in Table S3 .
Stewart Assay to Measure Lipid Content. We have used the established Stewart assay 49 to determine the phospholipid content in the purified liposomes, based on which the molarity of the liposomes can be further estimated. It is worth noting, however, that under Stewart assay conditions, Ni-NTA-DGS alone can also give rise to non-negligible absorbance at 470 nm that is in linear proportion to the molarity of this specific lipid. Thus, throughout our studies, the phospholipid content measured has been corrected based on the percentage of Ni-NTA-DGS in the liposome sample, although this correction was minor for most cases. Purified liposomes bound with fluorescence labeled B1 domain of the streptococcal protein G or mTFP were both examined using Stewart assay for phospholipid quantitation. Briefly, 100 μL liposome samples were added to 1 mL chloroform in a clean glass tube, and then 1 mL ferrothiocynate solution containing 0.1 M ferric chloride hexahydrate and 0.4 M ammonium thiocyanate was added. The mixture was vigorously vortexed for 1 min and further kept at 22°C in the dark for at least 1 h or until its full separation into two layers. The lower aqueous layer was then taken for absorption measurement at 470 nm. The phospholipid content was then calculated based on the comparison with a standard curve of DMPC lipids measured under identical conditions.
Estimation of Liposome Molarity Based on Geometric Considerations. To further estimate the molarity of the liposome based on the phospholipid content, we used geometric considerations of liposomes. Briefly, we calculated the number of lipid molecules N per liposome using the following equation:
where D is the diameter of the liposome, h is the thickness of the bilayer, and a is the area of the lipid molecule headgroup. In
Article our calculation for liposomes prepared using DMPC as the major lipids, the bilayer thickness h was taken as 4.6 nm based on previous experimental measurement on DMPC bilayers. 50 The area of the DMPC lipid headgroup was taken as 0.657 nm 2 based on X-ray scattering measurement on DMPC lipid vesicles. 51 The average diameters of the liposomes were measured using dynamic light scattering for each liposomal sample using Malvern Zetasizer Nano ZS at 20°C. The molarity of the liposomes was then calculated based on the measured phospholipid content.
Fluorescence Plate Reader to Measure rPG Content in Liposomes. To measure the rPG protein content in the purified liposome samples, we employed fluorescence plate reader (Synergy HT, Biotek). Briefly, the fluorescence of Alexa-594 was recorded using an excitation filter of 590 nm with 20 nm bandwidth, and an emission filter of 645 nm with 40 nm bandwidth. Comparison with a standard curve prepared and measured using known quantities of corresponding rPG free in PBS solution (0 to 3 ng/μL) yields an estimate of protein content in liposome samples. The corresponding liposome samples without proteins contributed negligibly to the fluorescence reading at the above settings.
Epifluorescence Imaging of Liposome Samples. To use single-molecule fluorescence to quantitate the spatial density of rPG on individual liposomes, we have employed an epifluorescence imaging approach. Liposome samples after gel filtration were diluted 1000-fold and immediately applied onto poly(L-lysine) coated coverslips for epifluorescence imaging under an IX71 Olympus Advanced Research Fluorescence microscope. Alexa-594 was excited using a 592 nm fiber laser and its emission monitored using a 630 nm filter with 40 nm bandwidth. To record fluorescence with singlemolecule sensitivity, a laser power of 100 mW, EM gain of 100, and an exposure time of 20 ms were used throughout so that the recorded fluorescence intensity can be directly compared across experiments. All the imaging experiments were conducted at 20°C. The irradiance of the incident laser on the sample was estimated to be 87 mW/cm 2 or less, and the heating of the sample by laser irradiation was negligible under these conditions. Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). We have used ICP-OES (Optima 2000 DV, PerkinElmer) to quantitatively measure the amount of nickel ions in mTFP-conjugated liposomes collected through a gel filtration column. The atomic emission of Ni was detected at both wavelengths of 221 and 231 nm. To quantitate the amount of Ni in the liposome samples, a series of reference Ni samples from 100 to 1000 ppb were prepared and standard curves were constructed. The final concentration of Ni in each sample was determined based on the standard curve and the average values from both 221 and 231 nm wavelengths was used as the final concentration of the Ni. Throughout our studies, reference yttrium samples served as internal controls for the instrument by measuring their emissions at 371 nm. 
